ABSTRACT: A total of six fiber types, including four pure types (type I, IIA, IIX, and IIB) and two hybrid types (type IIAX and IIXB), were classified according to the expression of myosin heavy chain (MHC) isoforms by immunohistochemistry with MHC specific monoclonal antibodies. The comparison of the muscle fiber characteristics and pork quality between pork quality groups (DFD: dark, firm, and dry; PSE: pale, soft, and exudative; RFN: reddish pink, firm, and nonexudative; and RSE: reddish pink, soft, and exudative) classified by muscle pH, drip loss, and lightness was conducted and the relationship of myofiber characteristics to pork quality was investigated. The DFD group had the highest value of IIAX fiber density (P < 0.05). The DFD group also showed the greatest fiber relative area of type I, IIA, and IIAX (P < 0.05) whereas there were no significant differences in area composition for types I, IIA, and IIAX among the other groups including PSE, RFN, and RSE (P > 0.05). The DFD group had the highest cross-sectional area (CSA) in types I, IIA, and IIX among the groups. The increase in density of type IIAX was related with the higher pH and the lower hue and drip loss. An increase in the fiber number composition of hybrid type IIXB increased the lightness and cooking loss and decreased sarcoplasmic protein solubility (SPS). Regarding fiber relative area, pure type I and IIA and hybrid type IIAX were greater in the DFD group and had lower lightness and drip loss. Hybrid type IIAX influences the desirability of the pork due to its association with low lightness and high pH and water-holding capacity (WHC). In contrast, type IIXB was related to poor quality pork, including pale color, low WHC in cooked meat, and low SPS.
INTRODUCTION
Skeletal muscle is a very heterogeneous tissue that is composed of a variety of fiber types. Muscle fibers can be delineated according to differences in their structural and functional properties (Pette and Staron, 2000) , and traditionally, fiber types have been classified as I (slow-twitch oxidative), IIA (fast-twitch oxidativeglycolytic), and IIB (fast-twitch glycolytic) according to their contractile and metabolic properties (Brooke and Kaiser, 1970; Novikoff et al., 1961; Gauthier, 1969) . The differences between muscle fiber types are related to their myosin complement such as myosin heavy chain (MHC) isoforms (Lefaucheur et al., 2002) . Four MHC isoforms known as MHC slow/I, 2a, 2x, and 2b have been observed in porcine skeletal muscle (Lefaucheur et al., 2002; Chang et al., 2003; Abreu et al., 2006; Kim et al., 2013a) . Immunohistochemical analysis with monoclonal antibodies against MHC isoforms allows fiber typing according to the expression of MHC isoforms, and this method facilitates the objective delineation of hybrid (co-expression of two or more MHC isoforms) fibers (Schiaffino et al., 1989) .
It is commonly reported that the characteristics of muscle fibers influence many aspects of meat quality such as water-holding capacity (WHC), tenderness, color, juiciness, and flavor. For example, increasing the proportion of red fibers is known to increase the redness of meat and myoglobin content (Whipple et al., 1992; Henckel et al., 1997; Kim et al., 2010) whereas the proportion of fast-twitch glycolytic (IIB) fibers is associated with higher lightness and lower WHC in pork (Kim et al., 2013b; Kauffman et al., 1998; Ryu and Kim, 2006) . In the previous report, the proportion and size of type IIB fibers are positively related to the intramuscular fat (IMF) content in porcine longissimus muscle (LM; Kim et al., 2013b) . Furthermore, Larzul et al. (1997) found a strong positive genetic correlation between cross-sectional area (CSA) and IMF content in the porcine LM. Muscle with a larger fiber size, especially type IIB fiber, have tougher meat than muscles with a smaller fiber size in both cattle and pigs (Renand et al., 2001; Karlsson et al., 1993; Maltin et al., 1997) . The content of type I fiber is positively related to the juiciness and flavor of beef whereas a high content of type IIB fibers tends to be associated with tougher meat (Maltin et al., 1998) . Meynier and Gandemer (1994) reported that the positive relationship between the proportion of type I fibers and flavor is likely due to their high level of phospholipids that have been shown to be major determinants of cooked meat flavor.
However, the majority of these studies are based on myosin Adenosinetriphosphatase (ATPase) histochemical reaction for fiber typing. This method is convenient but does not consider hybrid phenotypes containing two or more MHC isoforms. Therefore, Lefaucheur et al. (2002) , Acevedo and Rivero (2006) , Chang et al. (2003) , and Eggert et al. (2002) studied the MHC-based fiber types. Moreover, Chang et al. (2003) found that the greater abundance of fast oxidative-glycolytic MHC 2a and 2x fibers in the psoas was associated with superior meat quality traits and that the greater abundance of fast glycolytic MHC 2b fibers in the longissimus dorsi muscle could account for less favorable quality traits such as drip loss, color, and yield force. Nevertheless, there are almost no studies to date on the relationship between the characteristics of MHC-based fiber types especially hybrid fiber types and meat quality.
Therefore, in the present study, a total of six fiber types including four pure types and two hybrid types were classified according to the expression of MHC isoforms by immunohistochemical reaction with MHC specific monoclonal antibodies, and the relationship of their characteristics with pork quality was investigated.
MATERIALS AND METHODS
All procedures involving animals were approved by the Animal Care and Use Committee of the Gyeongsang National University, Republic of Korea and the animals were slaughtered according to the standard commercial procedures of the Korean livestock production system.
Animals and Muscle Samples
The 132 pigs (64 males and 68 females) used in this study were obtained from crosses of Korean native black pig and Landrace (F 2 ). The pigs were reared on a commercial farm and slaughtered at a commercial slaughter house within a same day. Their age at slaughter was within 180 to 200 d. After slaughtering, carcass weight, back fat thickness, and loin-eye area at the fourth to fifth intercostal space were measured. At 45 min, 3 h, 6 h, and 24 h postmortem, muscle samples were taken from the LM at the eighth to ninth thoracic vertebra for muscle pH analysis. Within 1 h postmortem, muscle samples (1 by 1 by 0.5 cm) were removed from the LM for histochemical analysis. Specimens were frozen in isopentane chilled with liquid nitrogen according to the method proposed by Dubowitz and Brooke (1973) and stored at -78°C until analysis. After 24 h postmortem, the LM were taken and the meat quality was analyzed.
Monoclonal Antibodies
A battery of four monoclonal antibodies whose specificities for MHC isoforms are BA-F8, MHC slow/I (Graziotti et al., 2001 ); SC-71, MHC 2a and 2x (Lefaucheur et al., 2002) ; 10F5, MHC 2b (Lucas et al., 2000) ; and BF-35, MHC slow/I and 2a (Quiroz-Rothe and Rivero, 2004) were purchased from Developmental Studies Hybridoma Bank (DSHB; Iowa City, IA). The specificities of these four monoclonal antibodies for MHC isoforms were demonstrated from the LM of pig in our previous report (Kim et al., 2013a) .
Immunohistochemistry and Determination of Myosin Heavy Chain-Based Fiber Types
The immunoperoxidase staining protocol with the avidin-biotin complex (ABC) was used (Christensen and Strange, 1987) . In brief, 12-µm thick sections were pre-incubated in a blocking solution of stock goat serum. The primary antibodies BA-F8, SC-71, 10F5, and BF-35 (DSHB) were applied for 30 min at room temperature. After incubation, the sections were washed and then reacted for 30 min with secondary antibodies (biotinylated goat anti-mouse IgG and IgM). The sections were then washed and reacted for 1 h in the absence of light with the ABC reagent. The immunocomplexes were visualized by incubating the sections for 20 min in a 0.05 M Tris-HCl buffer solution containing 0.7 mg/mL diaminobenzidine tetrahydrochloride and 0.01% H 2 O 2 . Muscle fiber types were delineated by visually inspecting the sections that were stained with monoclonal antibodies (Fig. 1) . Four pure fiber types and two hybrid fiber types were classified. The pure fiber types expressing a unique MHC isoform were nomenclatured as types I (MHC slow/I), IIA (MHC 2a), IIX (MHC 2x), and IIB (MHC 2b). In the two hybrid types, one containing MHC 2a and 2x and another containing MHC 2x and 2b were typed as types IIAX and IIXB, respectively. Type I fibers reacted with BA-F8 and BF-35 but not with SC-71 and 10F5 (fiber 1 in Fig. 1A , 1B, 1C, and 1D). Type IIA fibers reacted strongly with SC-71 and BF-35 but not with BA-F8 and 10F5 (fiber 2 in Fig.  1A , 1B, 1C, and 1D). Type IIX fibers were only stained with SC-71 and were completely negative with BA-F8, 10F5, and BF-35 (fibers 3 in Fig. 1A , 1B, 1C, and 1D). Type IIB fibers were labeled with 10F5 and were negative with BA-F8, SC-71, and BF-35 (fibers 4 in Fig. 1A , 1B, 1C, and 1D). Hybrid fiber type IIAX had a moderately positive reaction with SC-71 and BF-35 and were negative with BA-F8 and 10F5 (fiber 5 in Fig. 1A , 1B, 1C, and 1D). The second hybrid type, IIXB fibers, reacted moderately with SC-71 and 10F5 and were negative with BF-35 and BA-F8 (fiber 6 in Fig. 1A , 1B, 1C, and 1D).
Image Analysis
An image analysis system (Image-Pro plus 5.1; Media Cybernetics Inc., Rockville, MD) was used to examine the stained sections. For each muscle, 3 fields containing a total of about 600 fibers were counted to estimate the distribution and size of the fiber types. Fiber relative area, fiber density, CSA, and total number of fiber (TNF) were determined. Mean CSA of each fiber type was estimated from about 600 fibers and fiber relative area (%) was considered to be the ratio between the total CSA of each fiber type and the total measured fiber area. Fiber density (number/mm 2 ) was presented as the number of individual fibers per 1 mm 2 of the total fiber CSA. Total number of fiber was obtained by multiplying the fiber density with the loin-eye area (cm 2 ).
Meat Quality Analysis
Muscle pH was measured in 3.0 g muscle homogenates in 27 mL of deionized water using a pH meter (MP230; Mettler-toledo, Greifensee, Switzerland). Moisture content (%) was determined using the AOAC International (AOAC, 1995) method, and IMF content (%) was determined by following the procedure of Folch et al. (1957) with modifications. In brief, a 3-g meat sample was homogenized with 30 mL of Folch solution I (chloroform:methanol, 2:1, vol/vol) for 30 s and filtered with Whatman No.1 filter paper in a 100 mL graduated cylinder after stirring for 2 h at 4°C. The filtered solution was stirred with 0.88% NaCl (25% volume of the filtered solution) and allowed to separate into 2 layers for 1 h at room temperature. After washing the wall of the graduated cylinder with 10 mL of Folch solution II (chloroform:methanol:H 2 O = 3:47:50), the final volume of the lower layer was recorded. The upper layer was removed using an aspirator, and 10 mL of the lower layer was transferred to a dish to dry at 50°C. The weight of the dish was measured before and after drying, and the IMF content (%) was calculated using the following equation:
IMF content = {[(weight of the dish after dryingweight of the dish before drying) × volume of the lower layer]/(3 ×10)} × 100.
Cooking loss and drip loss were measured by WHC analyses. Cooking loss (%) was recorded for each sample by weighing the meat before and after cooking.
Cooking loss = [(weight of uncooked sample -weight of cooked sample)/weight of uncooked sample] × 100.
Drip loss was determined by suspending the muscle samples standardized for surface area in an inflated plastic bag for 24 h at 1°C using the method developed by Honikel (1987) with modifications. Meat color [CIE L* (lightness), a* (redness), and b* (yellowness)] was measured on the muscle surface using a colorimeter (CR-300; Minolta Co., Tokyo, Japan) that was standardized with a white plate (Y = 93.5, x = 0.3132, and y = 0.3198), and chroma [(a* 2 + b* 2 ) 1/2 ] and hue angle [tan -1 (b*/a*)] were also calculated. Warner-Bratzler shear force (WBSF; kg/cm 2 ) values were determined using an Instron Universal Testing Machine (Model 4400; Instron Corp., Norwood, MA). The samples were 1.3 cm diameter cores obtained from steaks cooked to an internal temperature of 70°C for 30 min and were cut vertically to myofiber axis. Sarcomere length was determined according to the method of Cross et al. (1981) . To determine the protein solubility, the method of Joo et al. (1999) was used. In brief, sarcoplasmic proteins were extracted from 1.0 g of muscle using 10 mL of cooled 0.025 M potassium phosphate buffer (pH 7.2). The samples were homogenized with a polytron and then left on a shaker at 4°C overnight. Samples were then centrifuged at 1,500 × g for 20 min and protein concentration in the supernatants was determined by the Biuret method using BSA as standard. Total protein was extracted from 1.0 g of muscle using 20 mL of cooled 1.1 M potassium iodide in 0.1 M phosphate buffer (pH 7.2). The same procedures for homogenization, shaking, centrifugation, and protein concentration determination were used as described above. Myofibrillar protein concentrations were obtained by calculating the difference between total and sarcoplasmic protein solubility (SPS).
Classification of Pork Quality Groups
The pork loins (LM) were classified based on the CIE L*, pH at 24 h postmortem (pH 24h ), and drip loss according to the methods of Warner et al. (1997) and Joo et al. (1999) with modifications (Table 1) .
Statistical Analysis
The experimental data were presented as means ± SE. The General Linear Model (GLM) procedure was adopted to analyze the differences in carcass traits, meat quality, and the characteristics of MHC-based fiber types between pork quality groups [dark, firm, and dry (DFD), pale, soft, and exudative (PSE), reddish pink, firm, and nonexudative (RFN), and reddish pink, soft, and exudative (RSE)] using the Statistical Analysis Software (SAS Inst. Inc., Cary, NC). Duncan's multiple range test was used to determine the significant differences in meat quality and characteristics of MHC-based fiber types among the pork quality groups (DFD, PSE, RFN, and RSE) at a 5% level of significance. Pearson's correlation coefficients were calculated to describe the relationships between the characteristics of MHC-based fiber types and meat quality using the linear regression procedure.
RESULTS

Comparison of Myosin Heavy Chain-Based Fiber Characteristics and Meat Quality among the Pork Quality Groups
Carcass weight and loin-eye area ranged from 75.5 to 84.2 kg and from 19.8 to 22.8 cm 2 , respectively, and ≥5.0 no significant differences in carcass weight and loin-eye area were found among the pork quality groups (P > 0.05), as presented in Table 2 . The WBSF was lowest in the DFD groups (P < 0.05). However, moisture content, IMF content, and sarcomere length were not significantly different among the groups (P > 0.05). Muscle pH values at 45 min (pH 45min ), 3 h (pH 3h ), 6 h (pH 6h ), and 24 h (pH 24h ) are presented in Fig. 2 . The fast pH declines were found in RSE and PSE groups. These two groups have already had low pH values (<5.8) at 45 min postmortem; however, the DFD and RFN groups had higher pH values (>6.0) than the RSE and PSE groups at 45 min postmortem (P < 0.05). The DFD group had the highest pH values during postmortem period among the groups (P < 0.05). The results for meat color show that all color traits except for a* showed significant differences among the groups (P < 0.05) as shown in Table 2 . As expected, the PSE group had the highest values for L*, b*, chroma, and hue (P < 0.05). In contrast, the DFD group had lower L*, b*, and hue values than the other groups (P < 0.05). There was no significant difference in a* among the groups (P > 0.05). Total protein solubility (TPS), myofibrillar protein solubility (MPS), and SPS were compared among the pork quality groups and the results are presented in Table 2 . The DFD group had greater TPS and MPS than the other groups (P < 0.05) and greater SPS than the PSE group (P < 0.05). In addition, there were no significant differences in TPS and MPS among the PSE, RFN, and RSE groups (P > 0.05). The lowest SPS was observed in the PSE group (P < 0.05). Drip loss was greater in the PSE and RSE groups and lower in the DFD than the other groups, respectively (P < 0.05; Table 2 ). However, cooking loss was greater in the PSE than the other groups (P < 0.05) but was not significantly different between the DFD, RFN, and RSE groups (P > 0.05).
Six fiber types were classified by staining with monoclonal antibodies against MHC isoforms (Fig. 1A,  1B, 1C, and 1D ). Four were pure fiber types expressing a unique MHC isoform (slow/I, 2a, 2x, and 2b for fiber types I, IIA, IIX, and IIB, respectively) and two were hybrid types, one containing MHC 2a and 2x (fiber type IIAX) and the other containing MHC 2x and 2b (fiber type IIXB).
The results for muscle fiber characteristics among the pork quality groups are presented in Table 3 . There were no significant differences in TNF between pork quality groups (P > 0.05). The DFD group had the highest value for IIAX fiber density. The RFN and RSE groups had greater fiber densities for IIX and IIA than the other groups, respectively (P < 0.05), and there were no significant differences in the fiber densities of I, IIB, and IIXB among the pork quality groups (P > 0.05). The DFD group showed the highest fiber relative area of type I, IIA, and IIAX (P < 0.05) whereas there were no significant differences in fiber relative area for types I, IIA, and IIAX among other groups including the PSE, RFN, and RSE groups (P > 0.05). The fiber relative area for type IIX, IIB, and IIXB were not significantly different among the groups (P > 0.05). The DFD group had the highest CSA in types I, IIA, and IIX among the groups (P < 0.05). The CSA values of types I, IIA, and IIX were lowest in the RSE group (P < 0.05). However, there were no significant differences in the fiber size of types IIB, IIAX, and IIXB among the groups (P > 0.05).
The Relationship of Myosin Heavy Chain-Based Fiber Types to Meat Quality Traits in Pigs
Correlation coefficients of TNF and fiber density with meat quality traits in the porcine LM are presented in Table 4 . Total number of fiber was positively correlated with loin-eye area (P < 0.01) but negatively correlated with pH 24h , TPS, and MPS (P < 0.05). No significant correlations of meat quality traits with fiber density were observed for type IIA (P > 0.05) and the loin-eye area was negatively correlated with types I, IIB, and IIAX for fiber density (P < 0.05). The chroma was positively correlated with type I (P < 0.05). Fiber density of type IIAX was positively correlated with pH values from all postmortem periods (P < 0.01) and fiber density of type IIX was also positively correlated with pH 45min and pH 6h (P < 0.05). Fiber type IIB had a negative correlation with MPS (r = -0.34, P < 0.05) whereas fiber type IIXB had a positive correlation with cooking loss (r = 0.48) but a negative correlation with SPS (r = -0.48, P < 0.01). Cooking loss and drip loss were negatively correlated with the fiber density of type IIAX (r = -0.34, P < 0.05 for cooking loss and r = -0.58, P < 0.01, respectively).
There was a significant correlation between fiber relative area and meat quality traits for all fiber types except for IIX (Table 5 ). Fiber relative area of type I was negatively correlated with loin-eye area (r = -0.48), L* (r = -0.38), and drip loss (r = -0.41) but positively correlated with pH values at all postmortem periods (r = 0.41, 0.29, 0.33, and 0.42 for 45 min, 3 h, 6 h, and 24 h, respectively; P < 0.05). Lightness and drip loss were negatively correlated with not only type I but also IIA and IIAX (P < 0.05). However, L* and cooking loss were positively correlated with fiber relative area of type IIXB (P < 0.05). Fiber type IIA had positive correlations with pH values at 45 min (P < 0.05), 3 h (P < 0.01), and 6 h (P < 0.05) postmortem and sarcomere length (P < 0.01) but did not correlate significantly with WBSF and protein solubility for fiber relative area (P > 0.05). Fiber type IIAX showed negative correlations with L* (r = -0.35) as well as b* (r = -0.39) and hue (r = -0.43) whereas positive correlations were found with pH 3h (P < 0.05), pH 6h (P < 0.05), and pH 24h (P < 0.01) for fiber relative area. Fiber type IIXB was negatively correlated with SPS (P < 0.01) and type IIB was positively correlated only with moisture content (P < 0.01). However, the fiber relative area of type IIX showed no significant correlations with any of the meat quality traits (P > 0.05).
For CSA, fiber type IIXB did not reveal any correlations with the meat quality traits (P > 0.05). The loin-eye area had positive correlation coefficients (r = 0.35) with CSA of type IIB (P < 0.05). The IMF content was positively correlated with CSA of type IIA (P < 0.05). The pH 24h postmortem showed positive correlations with the CSA values of types IIA and IIX (P < 0.05). Lightness was negatively correlated with the CSA values of type I, IIA, and IIX (P < 0.05). The only positive correlation with meat color traits was found between the CSA of type IIAX and a* (r = 0.43, P < 0.01). Drip loss was negatively correlated with the CSA values of types I, IIA, and IIX (P < 0.05) whereas type IIAX had negative correlation coefficients with cooking loss for CSA (r = -0.52, P < 0.01). Total protein solubility and MPS had positive correlations with CSA of type I (P < 0.01); however, SPS did not correlate significantly with any fiber size traits (P > 0.05).
DISCUSSION
Until now, hybrid fiber types have not been considered fully in the muscle fiber classification of porcine skeletal muscle. In addition, although hybrid types were delineated from porcine skeletal muscle (Lefaucheur et al., 2002) , studies on the relationship of hybrid types with pork quality have not received much attention. Therefore, to investigate the relationship between MHC fiber types and meat quality, we compared muscle fiber characteristics between pig groups differing in meat quality. Muscle fiber types were classified into six types including four pure types (I, IIA, IIX, and IIB) and two hybrid types (IIAX and IIXB) by immunohistochemical analysis with monoclonal antibodies against specific MHC, as shown in Fig. 1 . The pork quality groups were also classified into four classes including DFD, PSE, RFN, and RSE using the methods of Warner et al. (1997) and Joo et al. (1999) with modifications.
Total number of fiber was not significantly different among the groups (Table 3) . However, as shown in Table 4 , its correlations with loin-eye area, pH 24h , TPS, and MPS were significant (P < 0.05). Ryu and Kim (2006) also did not find any significant differences in TNF between pork quality groups. The TNF is closely related to muscle mass and positively correlated with Table 4 . Correlation coefficients between total number of fiber and fiber density and meat quality traits in porcine longissimus muscle lean tissue growth at a constant body weight (Dwyer et al., 1993; Handel and Stickland, 1988; Kim et al., 2008) . Therefore, pigs with higher TNF tend to exhibit smaller fiber size, higher pH 45min , and lower drip loss than pigs with a lower TNF and large fiber size (Lengerken et al., 1997) . However, the present study found no significant correlation between TNF and drip loss, and the opposite relationship (negative) to pH 24h was seen. It seems that the difference in the growth rate of muscle fiber affects muscle mass including the loin-eye area and these results in an undesirable pH, TPS, and MPS. The result for fiber density showed that type IIAX was greater in the DFD group, and IIA and IIX were greater in the RSE and RFN groups, respectively (Table 2) . However, TNF did not show any significant difference among the groups. The DFD group has a higher pH values during postmortem period and protein solubility and lower WBSF, L*, b*, hue, and drip loss than other groups (P < 0.05). Moreover, the fiber density in type IIAX was closely related to the loin-eye area, pH, hue, cooking loss, and drip loss (Table 4) . Therefore, the increase in the density of type IIAX led to the higher pH during postmortem and the lower hue and drip loss. However, although the densities of pure type IIA and IIX were significantly different among the groups, they did not correlate significantly with the meat quality except for pH 45min and pH 6h (Table 4) .
As regards fiber relative area, pure type I and IIA and hybrid type IIAX were greater in the DFD group, which had a lower L* and less drip loss than the others (Table 3 ). The fiber relative area of type I, IIA, and IIAX showed the commonly seen negative correlations with L* and drip loss (Table 5) . Type I and IIAX were positively correlated with the pH of the meat. An increase in the proportion of slow-twitch type I fibers has been reported to decrease L* and improve the WHC, tenderness, and juiciness of meat (Larzul et al., 1997; Maltin et al., 1998; Gil et al., 2003) . In beef meat, a high proportion of type I fibers tends to favor of DFD meat production (Ozawa et al., 2000) . Increasing the proportion of fast-twitch type II fibers has been shown to increase L*, paleness, cooking loss, and protein denaturation and to decrease WHC in pigs (Ryu and Kim, 2006; Ryu et al., 2008) . In the present study, the fiber relative area of type I showed the same trend described in previous reports; however, type IIB fibers did not show a significant correlation with the meat quality traits except for moisture content. On the other hand, hybrid types are significantly correlated with meat quality traits such as pH, meat color, WHC, and protein solubility. An increase in fiber relative area of type IIAX increases the pH of meat but decreases L*, b*, hue, and drip loss. In type IIXB, an increase in its relative area led to a decrease in the SPS but increases L* and cooking loss. Thus, these results indicate that type IIAX influences on desirable pork having a low L* and high ultimate pH (pH 24h ) and WHC whereas type IIXB is related to poor quality pork including pale color, low WHC in cooked meat, and low SPS. The different findings compared to previous reports are likely due to the fiber typing methodology. In particular, the conventional type IIB classified with traditional methods could be subdivided into pure IIX, hybrid IIXB, and pure IIB (Lefaucheur et al., 1998) ; however, this was not considered in previous reports to date.
The RSE group demonstrated a low pH during the early postmortem period, low chroma, high drip loss, and a light color. The RSE group also exhibited small CSA in types I, IIA, and IIX. Consistently, the DFD group had greater CSA in type I, IIA, and IIX than the other groups (Table 3) . Lightness and drip loss were negatively correlated with CSA of type I, IIA, and IIX fibers; however, protein solubility traits correlated positively with type I and IIX CSA. In other words, the pigs with large size type I, IIA, or IIX fibers had low L* and improved WHC and protein solubility. Fiber size is an important factor in determining meat tenderness (Seideman et al., 1986) and muscle with a large fiber size, especially type IIB fibers, has tougher meat than muscle with a small fiber size (Kim et al., 2013b; Karlsson et al., 1993; Maltin et al., 1997) . However, in the present study, the size of fiber type IIB did not have an influence on the tenderness of meat whereas the increase in size of type IIB related to increase in loin-eye area but decrease in a* and chroma. In the present study, the fiber type that correlated best with the tenderness of meat is hybrid type IIAX. Warner-Bratzler shear force was negatively correlated with type IIAX for CSA (Table 5 ). The increase in the fiber size of type IIAX could increase the tenderness of pork; when the size of type IIAX was increased, the WHC of porcine LM was also improved.
Most meat quality traits are determined by the postmortem metabolism and its rate are closely related with myofibrillar ATPase activities of muscle fiber types (Scopes, 1974; Bowker et al., 2004a Bowker et al., , 2004b . According to Bottinelli et al. (1994) , muscle fibers with MHC 2b have the highest rate of ATPase activity followed in decreasing order by MHC 2x, MHC 2a, and MHC slow/I. For the result of pH decline during postmortem (Fig. 2) , the DFD group shows high pH values but the PSE and RSE groups had the lowest pH values during postmortem period. As shown in Table 2 , the DFD group had the highest fiber relative area and CSA of type I and IIA. As mentioned above, muscle type I and IIA, which contained MHC I/slow and MHC 2a, respectively, have lower rate of ATPase activity than the fibers containing MHC 2x or MHC 2b (Bottinelli et al., 1994) . Another considerable finding is the correlation of type IIAX with pH decline. Fiber density and fiber relative area of type IIAX were positively correlated with pH values and there were significances in all postmortem period except for 45 min. Although the compositions of type IIAX are relatively low (within 1.7 to 5.5%), it played a role in pH decline at postmortem thereby affecting pork quality.
Conclusion
Fiber typing by immunohistochemistry with monoclonal antibodies against specific MHC isoforms allows the delineation of pure fiber types as well as hybrid fiber types from the porcine LM. The characteristics of MHC-based fiber types in relation to meat quality were investigated. The remarkable findings of the present study are the influences of hybrid fiber types including type IIAX and IIXB. For example, the increases in the density, size, and relative area of type IIAX were positively related to desirable pork as they are associated with a high pH and WHC and a low L* whereas hybrid type IIXB was related with poor quality pork, including pale color, low WHC in cooked meat, and low SPS.
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